Introduction
The main purpose of chemical characterization of aerosol particles is to provide information about the chemical composition. This information should ultimately help in identifying their sources, formation mechanisms, and fate in the atmosphere.
Carbon-~ sulfur-, and nitrogen-containing particles account for most of the anthropogenically generated particulate burden in urban areas. Considerable attention has been given to understanding the origin and speciation of the sulfur and nitrogen components, but until recently relatively little effort has been directed toward the carbonaceous aerosol, which is often the single most important contributor to the submicron aerosol mass. The objective of this paper is to outline a methodology developed in our laboratory to quantitate the amounts of different classes of carbonaceous particulates collected at various urban locations in the United States. The analysis of the results provides an assessment of the relative amounts of primar~ and secondary particulate carbon at these locations.
Carbonaceous particles in the atmosphere consist of two major components -graphitic or black carbon (sometimes referred to as elemental or free carbon) and organic material. The latter can be either directly emitted from sources Ceimary organics) or produced by atmospheric reactions from gaseous precursors (secondary organics). For the sake of clarity, we define soot as the total primary carbonaceous material, i.e., the sum of graphitic c<1rbon and primary organics.
Black carbon can be produced only in a combustion process and is therefore definitely primary. Because of this, black carbon can be used as a tracer for primary carbonaceous particles. 1he problem of differentiating the primary and secondary components would be simple if black carbon were the only primary component. However, because many sources besides black carbon produce substantial amounts of primary organic material, the differentiation of these two components can be achieved only by a systematic study of large numbers of samples collected directly from sources, source-dominated environments, and well-aged ambient air. The ambient samples should also be collected in areas with widely different atmospheric chemical characteristics (e.g., degree of photochemical activity).
Two approaches have been used in our studies. The first essentially involves a systematic study of 24-hr average black carbon to total carbon ratios, since measurements of this ratio from a number of source samples give insights into the relative black to total carbon ratio of primary emissions and the source variabilities. Secondary material will not contain the black component, but it will increase the total mass of carbon and will therefore reduce the black to total carbon fraction.
For example, photochemical gas to particle conversion reactions should be most pronounced in the summer in the Los Angeles air basin, while in the winter these reactions should play a much smaller role and the primary component should be much more important. These different photochemical conditions should mani~ fest themselves in the ratio of the black carbon to total carbon of these particles. That is, under high photochemical conditions one would expect this ratio to be significantly smaller than under conditions obviously heavily influenced by sources.
This approach to the identification and quantitation of primary and secondary carbonaceous aerosols involves a systematic comparison of particulates collected from a wide range of ambient sites as well as combustion sources.
Ambient particulates are sampled at sites that differ significantly in meteorology, photochemical activity, and source compositiono Source samples have been obtained at a tunnel and a parking garage, and from direct source samplingso The second approach in our studies relies on the evolved gas (C0 2 ) thermal analysis method as a means of "fingerprinting" the organic and black carbon components of source emissions, source-enriched samples, and runbient particles.
The differences between these should correspond to the secondary component.
Methods
In our field experiments the samples are collected in parallel on prefired quartz fiber and Millipore filter membranes o The Millipore filter is used for X-ray fluorescence (XRF) elemental analysis and for the LBL laser transmission
The latter technique gives a measurement that is proportional to the amount of light-absorbing (black) carbon present on the filtero The quartz filter is used for total carbon determination by a combustion method similar to that described by Mueller et al. [2) .
A schematic representation of the LBL laser transmission (optical attenuation) apparatus is shown in Fig. 10 This apparatus compares the trcmsmission of a 633-nm Ile-Ne laser beam through a loaded filter relative to that of a blank filter. The loaded filters are placed in the beam with the loaded side towards the laser; after multiple scattering through the filter substrate, the light is collected by an f/1 lens and focused on a photomultiplier tube.
The data presented in this paper were obtained from particles collected on Millipore filters. This technique is based on a principle similar to that of the opal glass method used by Weiss et al 0 [3) and measures the absoTbing, rather than the scattering, properties of the aerosol. The relationship between the optical attenuation and the black carbon content can be written as:
where ATN = -100 ln(I/I 0 ). I and 1 0 are the transmitted light intensities for the loaded filter and for the filter blank.
Besides the black carbon, particulate material also contains organic material which is not optically absorbing. The total amount of particulate carbon is then: (2) We define specific attenuation (o) as the attenuation per unit mass of total carbon:
The determination of specific attenuation therefore gives an estimate of black carbon as a fraction of total carbon.
The proportionality constant K, which is equal to the specific attenuation of black c~rbon alone, was recently shown to have an average value of 20 [4] .
In principle the percentage of soot (i.e., primary carbonaceous material) i~ ambient particles can be determined from the ratio of ambient specific attenua--tion and an average specific attenuation of major primary sources:
am 1ent source (4) The thermal analysis method used in our studies is a modified version of the apparatus originally developed by Malis sa et al. [5] . Our version [6] enables measurement of optical attenuation simultaneously with the evolution of co 2
. Thermal analysis is used to obtain total carbon, black carbon, 
Results and Discussion
The data presented in this paper consist of information obtained from analyses of 24-hr samples (collected weekdays) and multi-day samples (collected over weekends) [4] . Table I lists the routine sampling sites with the beginning date of sampling.
In this section we present data on total average 24-hr concentrations of total carbon, specific attenuation, and estimated black carbon concentrations for ambient and source samples. By determining an average specific attenuation value for sources, the soot (total primary carbon) fraction can be estimated from Eq. 4. The data on total carbon, black carbon (from Eq. 3), and specific attenu~ ation are presented in Tables II and I II. These results imply that there is a correlation between the black carbon and the total carbon content at every site studied. Furthermore, a study of a number of source samples shows that there is also a strong correlation between optical attenuation and total carbon for these samples. The correlations between optical attenuation and total carbon for the three California sites, Argonne, and source samples are shown in Fig. 7 (a-e) [7] .
Results obtained from ambient samples imply that the fraction of graphitic soot to total particulate carbon is approximately constant under the wide range of conditions occurring at a given site. On specific days, however, there can be large variations in the ratio, reflecting the variations in the relative amounts of organic and black carbon. The least squares fit of the data shows regional differences which are related to the fraction of black carbon due to primary emissions. These differences suggest an increase in the relative importance of the primary component for samples collected at Berkeley, Fremont, Anaheim, and Argonne.
Soot contains not only black carbon but also various organic material.
Because the organic soot component does not absorb light, the specific attenuation of soot is much less than 20, the a value of pure black carbon. Table   IV lists the average and extreme values of specific attenuation and the black carbon fraction of a number of source samples.
The percentage of soot in ambient carbonaceous particulates can be estimated by comparing the a of sources with that of ambient samples. The fraction of soot is given in Eq. 4. however, we note that the number of samples from this location is small compared to that from other sites, so the results should be taken with cautioJL It is instructive to present the specific attenuation data in the form of histograms representing their frequency of occ.urrence. Histograms for New York and Fremont (Fig. 8) show that the occurrence of high specific attenuation samples is much greater for New York than for Fremont. In Fig. 9 It is clear from the results described so far that the ratio of black carbon to total carbon may vary on specific days. However, no large systematic differences are found as a function of the ozone concentration, which is viewed as an indicator of the photochemical activity [7] . This is graphically demonstrated in Fig. 12 , which shows the distribution of the ratios of the optical attenuation to total carbon content for ambient samples from all the California sites taken together. subdivided according to peak hour ozone concentration. Clearly there is no trend for high-ozone days to be characterized by aerosols which have a significantly reduced black carbon fraction" This places a low limit on the importance of secondary organic particulates formed in correlation with the ozone concentration. Table V suggest that the California sites have an organic component that occurs in excess of sources of source-dominated organics. This excess should be equal to the secondary organic material, which can be conveniently identified by the thermal analysis method.
Results in
We have already described how thermal analysis can be used to obtain the total carbon, black carbon, organic carbon, and carbonate carbon. The greatest strength of this method, however, is its ability to "fingerprint" sourceproduced carbonaceous particles and their contribution to the ambient aerosols.
As an illustration, in Figs. 13 and 14 we show the thermograms of a sample collected in Manhattan (high o) and one collected in Berkeley (low a).
The common features of both thermograms are the black carbon peak, the peak at "-' 340"C, and the peaks occurring below "-' 250°C which correspond to the volatile organics. The Berkeley sample clearly shows the presence of a prominent peak at rv 380°C which is absent in the thermogram of the New York sample.
This peak (or possibly group of peaks) may correspond to secondary organic species.
To check this hypothesis, we have performed solvent extractions on some of the ambient samples and obtained thermograms of the insoluble filter residues [8], since according to an operational definition of Appel et al.
[9], "primary" organic carbon is cyclohexane-extracted carbon; "secondary" carbon is the difference between the total carbon extracted by the benzene,
methanol-chloroform sequence and the cyclohexane-extracted carbon. The thermograms of sequentially extracted filters should thus show which peaks can be identified with primary and secondary organics.
The result of one such experiment with a sample collected in Berkeley is shown in Fig. 15 . Cycl ohexane extraction has Temoved practically the entire volatile organics, which-according to the above defin ion should be primary species. The peak at 'V 380°C is removed only with the polar benzene-methanol-chloroform solvent. This is consistent with our prel assignment-that this peak is due to secondary species. The black carbon peak, as expected, was not removed by solvent extraction. .15 ..
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